A dedicated design qualification standard for PV inverters does not exist. Development of a well-accepted design qualification standard, specifically for PV inverters will significantly improve the reliability and performance of inverters. The existing standards for PV inverters such as ANSI/UL 1741 and IEC 62109-1 primarily focus on safety of PV inverters. The IEC 62093 discusses inverter qualification but it includes all the BOS components. There are other general standards for distributed generators including the IEEE1547 series of standards which cover major concerns like utility integration but they are not dedicated to PV inverters and are not written from a design qualification point of view. In this paper some of the potential requirements for a design qualification standard for PV inverters are addressed. The missing links in existing PV inverter related standards are identified and with the IEC 62093 as a guideline, the possible inclusions in the framework for a dedicated design qualification standard of PV inverter are discussed. Some of the key missing links are related to electric stress tests. Hence, a method to adapt the existing surge withstand test standards for use in design qualification standard of PV inverter is presented.
INTRODUCTION
The rampant increase in the growth of PV has raised concerns about the reliability of power system with high penetration of PV both at the utility and at the distribution level. An early report on the experiences and lessons learned with residential PV systems [1] suggests that these systems continue to operate even when the PV modules fail, but the same is not true in case of failure of the power conditioners. A power conditioner failure will result in the shutdown of the entire PV system; therefore power conditioner is the key to PV system reliability, and is generally considered the weak link in a PV power system. Lack of a dedicated reliability standard for PV inverters is a main impediment in realizing higher levels of reliability. There needs to be a set of basic requirements for design qualification and a standardized test procedure for measuring the performance parameters. An effective way of realizing this is to develop a dedicated standard for design qualification of PV inverters. This will help to eliminate bad designs from the market. Present standards address safety aspects of a PV inverter but there is not a single standard devoted to inverter design qualification. This paper addresses some of the potential requirements for a design qualification standard for PV inverters. Towards this objective, existing standards that are related to PV inverters, and standards that address PV modules, wind power systems and other electronic equipment that can potentially be adapted for the PV inverter application are reviewed. The key points of these standards are discussed in order to help compile the missing links that could possibly be included in the dedicated design qualification standard of PV inverters. Different requirements of small residential inverters compared to large utility-scale systems, and the emerging requirements for grid support features are also considered. Most of the requirements and missing links of the qualification standard are already addressed in a generalized way in other existing standards. This needs to be suitably adopted for use in the PV industry. A method to adopt the surge withstand test for qualification testing of single phase residential scale PV inverter is discussed.
REVIEW OF RELATED STANDARDS

IEC
62093, Balance-of-system components for photovoltaic systems -Design qualification natural environments [2] , is a design qualification standard for the Balance of system (BOS) components of PV system. The BOS components include inverters and other components such as batteries, charge controllers, system diode packages, heat sink, surge protectors, system junction boxes, maximum power point tracking (MPPT) devices and switchgear. This standard is derived from the design qualification standards for PV modules such as IEC 61215 and IEC 61646 and suitably modified for different levels of severity and different service environments of the BOS. The equipment under test should be able to maintain its specified performance after being exposed to the simulated service environment in which it is designed to operate. The service environment is simulated using stress tests. The sequence in which the test is to be applied is detailed in the standard. The severity of the test depends on the service of use. The performance should not deviate beyond a threshold after each test and it should be within a specified limit after all of the tests. The pass criteria are: the component should pass the specified performance test, the component should pass the functionality test after all the tests, there should be no visual damage in the component, the component should not have any irreversible damage and finally, the component should pass a few safety tests including insulation test. The functionality test measures certain performance parameters and checks whether they satisfy the standard requirement by not deviating over a specified limit. It is a generalized design qualification standard for all BOS components and gives little attention to inverters. There is a section dedicated to the functionality test of inverters, but detail is limited. The functionality test requires that the measure of power efficiency, MPPT efficiency, and power factor should not vary before and after each stress test or during the entire stress test sequence. But to properly evaluate the inverter performance, many other performance parameters need to be evaluated. There are no standardized measurement procedures mentioned in this standard except for the power efficiency. This particular standard can be used as a reference to build the requirements of a design qualification standard but there are quite a few aspects that are missing, including the measurement procedures for performance parameters, grid integration aspects and electric stress tests that simulate the electric environment.
IEC 62109-1, Safety of power converters for use in photovoltaic power systems -Part 1: General requirements [3] , comprehensively addresses safety concerns such as protection against electric shock, energy hazard, mechanical hazard, fire hazard, and sonic pressure hazards. Electric stress tests and test procedures are given for electric shock hazard testing. This standard is written to address safety, and therefore does not consider reliability and performance testing. [4] , is one of the very few standards that is dedicated to PV inverters. It covers a wide range of topics including construction, output power characteristics, utility compatibility, performance and manufacturing, and production tests. Procedures are given for the dielectric voltage-withstand test, utility voltage and frequency variation test, abnormal tests, grounding impedance test, voltage surge test, overvoltage test, current withstand test, and anti-islanding test. These are mainly designed to test whether the inverter is giving undesired safety response when met with abnormal conditions. The effect of abnormal conditions on the performance and reliability is not addressed in this particular standard.
UL 1741, Static Inverters and Charge Controllers for Use in Photovoltaic Power Systems
IEEE 1547, IEEE Standard for Interconnecting Distributed
Resources with Electric Power Systems [5] , is a series of standards that address some of the major concerns that arise as a result of connecting distributed generation with power systems. The subsequent standards in the 1547 series discusses separately about the interconnection test (technical) specification and requirements, conformance test procedures, intentional islanding, monitoring, information exchange, and control of distributed resources interconnected with electric power systems. But it is not dedicated to PV and it has not been written from a design qualification point of view.
IEC 61683, Photovoltaic systems -Power conditioners -
Procedure for measuring efficiency [6] , is a very specific standard that gives the procedure on how to measure the power efficiency of both stand alone and utility interactive PV inverters. The key performance parameters that are addressed in this standard are rated output efficiency, partial output efficiency, energy efficiency, and weighted average energy efficiency. It is used as a guideline for measuring power efficiency in IEC 62093.
IEC 61215, Crystalline silicon terrestrial photovoltaic (PV)
modules -Design qualification and type approval [7] , and IEC 61646, Thin-film terrestrial photovoltaic (PV) modules -Design qualification and type approval [8] , are design qualification standards for PV modules and can be used as a reference for building the framework of design qualification standard for PV inverters. Similar to IEC 62093, they have a list of tests, test procedures and the sequence in which the tests shall be applied. PV modules are mainly prone to mechanical and environmental stresses as they are installed outdoors and hence there is a lot of emphasis on the physical and environmental stress tests. However, in the case of PV inverters, electrical stress and grid interface characteristics also need to be included. For PV modules the functionality test is only the maximum power determination but for PV inverters many performance parameters have to be measured under functionality test to qualify a design.
DISCUSSION OF EXISTING STANDARDS AND MISSING LINKS
IEC 62093 is kept as the base framework for building the requirements of the design qualification standard. As per this standard, a design qualification standard requires the component under test to comply with the design specification, after being exposed to the environmental conditions under which it is designed to operate [2] . The environmental conditions are simulated through stress tests. The compliance of the component with the design specification can be evaluated by conducting functionality tests in which the different performance parameters of the component are measured and compared with accepted standard values. Therefore, to frame a protocol for a design qualification standard, the first logical step is to compile a list of performance parameters and the stress tests corresponding to the actual environment in which the inverters operate. Existing standards need to be reviewed for this purpose. There are a number of generalized standards for protection against electric stress and standards for power converters used in other industries such as wind energy, motor drives and elevators that can be adapted to PV inverters. Good examples of the above case are IEC 61400-1 (Wind turbines -Part 1: Design requirements) [10] which discusses lightning protection and protection against lightning electromagnetic impulse for wind turbines and IEC 62305 (Protection against lightning) [11] which discusses lightning protection in general. The above standards can be used to design a measurement to simulate the electrical stress caused as a result of a lightning impulse. Similarly, other electrical stress tests can be suitably adopted from existing standards.
For this purpose, a list of standards that are related to PV inverters or that could be related to PV inverters needs to be compiled first. To compile a list of standards a flow diagram of standards is built. The flow diagram identifies the standards discussed above, such as IEC 62093, IEC 61683, IEEE 1547, UL 1741, etc. as key standards. The standards, important research papers and protocols that these standards refer are represented pictorially using the flow diagram. The standards and protocols that these secondary standards refer are further represented as branches to the existing flow diagram. This process is continued to get a comprehensive list of standards that could be useful in developing a framework for design qualification standard. The standards are then classified based on different categories such as standards related to electric stress test, standards related to functionality test and finally standards related to design qualification is grouped into a single category. A gap analysis is then performed to find the missing links and the key points of these standards. Fig. 1 shows the correlation between existing standards. UL 1741 and IEEE 1547 both discuss the grid interface characteristics such as voltage range, frequency range, synchronization, and trip time when the PV inverters are connected to the grid. Similarly the UL 1741 and the IEC 62109-1 both address safety concerns. These existing standards give a detailed discussion on the major physical stress tests but the discussion when it comes to electric stress tests is limited. In reality, the PV inverter often experiences electrical stresses due to overvoltage, lightning and switching impulse, electric faults, grid failure, and grid disturbances on the AC side; as well as voltage fluctuation due to variation in irradiation on the DC side. Protection devices are usually installed to prevent the damage caused as a result of these stresses. Even then, some of these conditions have the capability to severely stress the PV inverter and hence will have an impact on the performance of the equipment. A good design has to withstand these stresses and perform better under these conditions. Therefore, it is useful to include these electric stress tests in the qualification standard. Abnormal voltage/frequency tests, faults and surge withstand tests (lightning and switching impulse) are found in the literature and could be adapted suitably for PV inverter testing.
Other electrical stresses that are caused as a result of grid disturbance and voltage fluctuation on the DC side need to be modeled and studied. Current guidelines only define a PV inverter's necessary response to abnormal electrical operating conditions (such as electrical stress). For example IEEE 1547 gives a specification on the voltage and frequency limits and the procedure for testing the response of a distributed generator when encountered by such an abnormality. The degradation in performance as a result of exposure to these electrical stresses has not been adequately studied. The existing test procedures from the standards need to be modified from the design qualification perspective specifically for PV inverters.
The PV inverter functionality tests specified in IEC 62093 are limited to power efficiency, MPPT (Maximum Power Point Tracking) efficiency, and power factor. A Sandia National Laboratory report titled "Performance Test Protocol for Evaluating Inverters Used in Grid-Connected Photovoltaic Systems" [9] introduces a new set of performance parameters that could be used to determine the performance of an inverter. This includes MPPT tracking range (current and voltage range), MPPT tracking accuracy (steady state and dynamic), and performance parameters from the power quality perspective such as normal voltage operating range, frequency range, total harmonic distortion (THD), and flicker. The performance of the inverter needs to be evaluated comprehensively in order to get a better estimate of the impact of stress test on a particular design. Including the performance parameters from the Sandia protocol along with the existing performance parameters of IEC 62093 will help in evaluating the inverter design in a more detailed manner. Also, evaluation of islanding protection, protection against voltage disturbance, protection against frequency disturbance, and over-current protection that are mentioned in the test protocol can possibly be included under specific performance tests. In addition to compiling the stress test and the performance parameters, it is important to study how a particular stress test affects a particular performance parameter. Based on this study,
Figure 1 Correlation of existing standards, missing links
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Different types and ratings of inverters operate under very different environmental conditions which should be accounted for in the development of new standards. The design can be better evaluated if tested based on the environment in which it is intended to operate. The size, the number and the rating of components used in equipment depends on the type of the PV inverter (residential, utility scale or micro inverters). Micro inverters as the name implies are smaller in size and has relatively lower number of components. They are generally more reliable than their larger counterparts -especially utility scale inverters. Designing the same testing schemes for both utility scale and inverters and micro inverters will make the testing of micro inverter more cost ineffective. IEC 62093 is a good example of this. It specifies different severity levels for different service of use of the equipment. Developing altogether different standards for different applications such as residential or utility scale inverters will facilitate better designs and more reliable products.
The testing for smart inverter features from a qualification perspective is not included in any of the standards. Smart inverters utilize communication between the inverter and neighboring local control system or the utility. An EPRI report describes the different types of control signals that can be used in a smart inverter and the use of IEC 61850 inverter models for inverter based functions [14] . Some of the control signals that the inverter receives are raise/lower generation, change power factor of generation, charge/discharge storage, connect/disconnect signal, reactive power support, etc. Apart from these, the smart inverters also store event history and other important data. If any of the control signals are lost, the report suggests some default response for the inverter. If the inverter responds to any of the miscommunications in an abnormal manner, it will have a serious consequence on the entire power system. Therefore, test mechanisms should be developed to qualify these communication devices, by stressing them to see whether they give the desired response when abnormal conditions are encountered.
SURGE WITHSTAND TESTING FOR RESIDENTIAL SCALE PV INVERTERS
The surge withstand test is a key missing link in the category of electric stress tests. IEEE 1547 includes a section name "the surge withstand test under the utility integrity" in which it refers to two other IEEE standards C62.41.2 [12] and C62.45 [13] . These standards are dedicated to surge withstand testing on low voltage AC equipment operating under 1000 V. These two IEEE standards are generalized standards and they can be used for different types of tests such as the design test, qualification test, production test and diagnostics test. In the subsequent sections, the use of these standards for a single phase residential PV inverter (isolated topology) is investigated through numerical simulation.
IEEE C62.41.2 is a recommended practice that characterizes surge environments based on location category using standard waveforms and other stress parameters. The surges are characterized by a couple of standardized waveforms, ring wave, and combination wave. In addition to these standard surges, EFT (Electrical Fast Transient) burst wave and 10/1000μs long wave also characterize surges for unusual surge environments. In order to reduce the number of surge models, three location categories are introduced. Location Category A applies to the equipment at some distance from the service entrance, Category C applies to the external part of the structure, extending some distance into the building and Category B extends between categories A and C [12] . Residential PV inverters usually lie near the service entrance outside the building which falls under the location category A. For location A, the ring wave and the combination wave are used for standard testing and the additional surge waveforms are optional. From the reliability perspective, it is ideal to design for the severe surge environment but this is not economically feasible.
The objective of the design qualification standard is to eliminate problematic and unreliable designs. Thus, only the standard test requirements can be chosen for use in the framework of design qualification standard for PV inverters.
The standard gives the peak value of surge waveform at different location categories. But these values are just reference values and the standard does not require their use. From the design qualification perspective, the equipment is to be tested for the minimal design requirement. A single residential PV inverter design is installed over a wide range of geographic locations which will have different surge environments. Therefore use of the values given in the standard for the peak value of surge will provide a uniform measure of testing PV inverters operating in a wide surge environment. For example the peak value for a ring wave is given as 6kV.
According to this standard, for a qualification test, it is sufficient to apply a single surge waveform. The selection of a voltage or current surge depends on the nature of the equipment. High impedance equipment will be stressed by a voltage surge whereas low impedance equipment will be stressed by current surge. Residential PV inverters are considered high impedance equipment since they are mostly current controlled devices and use L or LCL filters.
SIMULATION SETUP
The surge waveforms that are selected as discussed in the previous section are applied to the simulation model of a single phase PV inverter shown in Fig. 2 Table  1 . The test procedure given in IEEE C62.45 is used. The surge generator is coupled to the powered equipment under test (EUT) by using the shunt coupling scheme mentioned in the standard. The schematic of shunt coupling is given in Fig. 3 . 
Figure 3 Shunt coupling of surge and back filter
The surge is generated in the simulation using the standard equations given in IEEE C62.45 and plotted in Fig. 4 . The equation used for simulation of ring wave surge is given below. Significant research is being directed towards reducing the size of DC link capacitance and size of the filter. The current drawn from the surge and the voltage across the DC link capacitor are inversely proportional to the size of the filter and the DC link capacitor respectively. Therefore, the same analysis is repeated for a much lower value of filter inductance and DC link capacitance and it can be observed that the surge has much greater impact. Underrated values of the DC link capacitor and filter will increase the impact of the surge on the performance and hence the stress on the semiconductor switches will be significant. Therefore, the value of the DC link capacitor and the filter has to be designed optimally to minimize the impact of the surge on the performance of the inverter. The simulation presently does not include the non- 
CONCLUSION
This paper presents a study of existing standards related to PV inverters and those from other related industries to formulate the requirements for a dedicated PV inverter design qualification standard. Gap analysis was performed and the missing links in the existing standards were identified. The electrical stress test was found to be a key missing link. The surge withstand test, an electric stress test that can possibly be included in the standard, is studied in detail. A method to adapt the surge withstand test from the existing standards for use in the PV inverter design qualification standard is investigated. Results of a simulation study of the surge withstand test on single phase residential PV inverter show that the surge does not have an impact on the performance of the inverter as long as the DC link capacitors and filters are rated as per the nominal rating. Future work may device a minimum requirement and a design equation for the DC link capacitor and filter, in order to meet the surge requirements.
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